We analyzed 199 GRBs detected by Fermi-LAT during the years 2008-2019. We found 67 photons at energies ≥10 GeV, which come from 34 GRBs. Out of these 34 GRBs, Fermi-LAT detects significant (TS ≥4) afterglow 0.1-200 GeV photons from 25 GRBs. We present time-integrated 0.1-200 GeV spectra of these 25 GRBs. The spectra of a significant fraction (9/25) of these GRBs revealed a harder component above an energy break of 0.3-2 GeV. While shock synchrotron may account for the photons at the lower energy end, high energy photons above the break is naturally explained by synchrotron self-Compton (SSC) emission. We perform broadband model fit to the X-ray-LAT emission of GRB 131231A. Comparing the afterglow spectra of these 25 GRBs with other Fermi-LAT detected GRBs, we found that the power-law index distribution is similar for the two populations. This may indicate that the additional high-energy component may also exist in Fermi-LAT GRBs in general.
INTRODUCTION
Gamma-ray bursts (GRBs) consist of short (tens of milliseconds to thousands of seconds) and bright prompt emission at ∼keV to MeV energies (Rees and Mészáros 1992; Mészáros and Rees 1997) , followed by longer (days to months) afterglow phase at lower energies (Costa et al. 1997) . Generally, the prompt emission is expected to be produced by some internal dissipation mechanisms such as collisionless shock in jet (Rees and Mészáros 1994) , and the afterglow emission, from radio up to Xrays, can be described by synchrotron emission of external shock with surrounding medium (Mészáros and Rees 1997) .
Fermi Gamma-ray space Telescope 1 (Ackermann et al. 2012) , launched in 2008, plays an important role in the detection, as well as the spectral and timing characterisation of GRBs, with its two onboard instruments: the Large Area Telescope (LAT, 30 MeV -500 GeV) (Atwood et al. 2009 ) and Gamma-ray Burst Monitor (GBM, 8 keV -40 MeV) (Meegan et al. 2009 ). At >30 MeV, the Fermi-LAT can monitor GRBs in both the prompt and afterglow phases. It has detected 186 GRBs (Ajello et al. 2019) in the first decade, or 8% of all GRBs at >100 MeV energies (see, e.g. Ackermann et al. 2013; Ajello et al. 2019) .
10 GeV photons have been detected from GRBs 080916C (Abdo et al. 2009 ), 090902B (and 090328, 100414, 110721, 110731, 130427, 140619B) (Panaitescu 2017) , 090926A (Yassine et al. 2017) , 130427A (Tam et al. 2013; Ackermann et al. 2014) , 130907A (Tang et al. 2014) , 131231A (Liu et al. 2014) , 160509A (Tam et al. 2017) .
Furthermore, Cherenkov telescope arrays MAGIC and HESS have recently detected very high-energy (VHE; 100 GeV) emission from several GRBs, largely at the afterglow phase: GRB 180720B (Abdalla et al. 2019 ), GRB 190114C (MAGIC Collaboration et al. 2019a ), and GRB 190829 (GCN Circular 2019 ). In the case of GRB 190114C, the highest observed photon energy reach ∼1 TeV (MAGIC Collaboration et al. 2019a) .
Concerning the origin of the afterglow GeV emission, synchrotron emission from external shock electrons becomes the standard radiation mechanism in the Fermi era but there exists a maximum synchrotron energy, typically 10 GeV (e.g., Kumar & Barniol Duran 2010; Piran & Nakar 2010) . It is a great challenge for the traditional synchrotron mechanism to explain the 10 GeV emission, since the flux emitted by this mechanism above several GeV (the maximal cutoff energy) should be very small. The synchrotron self-Compton (SSC) component is expected to dominate in the GeV-TeV energy range (Mészáros and Rees 2000; Sari and Esin 2001; Zhang and Mészáros 2001) , implying that the spectra of such GRBs should have two peaks in the broad-band SED: one at the X-ray band, and another peak at the TeV γ-ray band. Tam et al. (2013) , for the first time, found an extra hard component in the late LAT afterglow in GRB 130427A. Following this, Panaitescu (2017) have found a sample of LAT GRBs whose afterglow spectrum is better described by broken power-law (BPL) with a harder high-energy photon index (β) than low-energy photon index (α), providing a strong evidence of hardening spectrum above a few GeV, indicating that an inverse Compton spectral component may exist in GRB afterglow phase. The analysis by Panaitescu (2017) is aperture photometry-based, and is focused on the first 1000s after the bursts.
Given the detection of ≥100 GeV photons by Cherenkov telescope arrays from GRB afterglows up to a day, it is desirable to look for photons with the highest energies accessible to Fermi-LAT, e.g., 10-200 GeV, up to one day post-burst. Indeed, Fermi-LAT covers the spectral range between the two peaks (synchrotron and inverse-Compton) expected in the afterglow spectra, and has likely been seen in GRB 190114C (MAGIC Collaboration et al. 2019b) . In this work, we expand the above works to all LAT-detected GRBs, and up to one day after the burst, using maximum likelihood analysis.
DATASETS AND METHODS

The Sample and the Search of ≥ 10 GeV photons
From 2008 to 2020, Fermi-LAT has detected more than 200 GRBs. The information about the Fermi-LAT GRBs can be obtained from the second Fermi-LAT GRB catalog (Ackermann et al. 2013 ) and the Fermi website 2 . In June 2019, Fermi-LAT team released the Second Fermi-LAT GRB Catalog (the first decade of GRBs detected by the Fermi-LAT), containing 186 LAT GRBs, from a search of a total of 2357 GRBs (Ajello et al. 2019) . In order to enlarge the sample size of possible GRBs with hard photons as much as possible, we also consider GRBs listed in the webpage of Fermi LAT GRBs 3 . It contains 146 GRBs (including some GRBs in the second Fermi-LAT GRB Catalog). GRB 180720B and GRB 190114C are the first two GRBs identified to emit ∼TeV emission, so they are also included here. In the end, the GRB sample considered in this work contains a total of 199 GRBs. Fermi-LAT data were downloaded from the Fermi-LAT database 4 . Fermi Science Tools version 1.2.1 was used to reduce and analyze the data in 0.1-200 GeV. For the event class, we selected "P8R3 SOURCE" for the GRB spectra analysis, as we focus on longer than 200 s intervals which are typical for afterglows. The IRF used in the analysis is "P8R3 SOURCE V2 v1". The zenith angle is constrained to be smaller than 100 deg to exclude the gamma-ray emission from the Earth.
We performed unbinned maximum-likelihood analyses (gtlike) to characterize spectra in the time range from GRB onset to 1 day thereafter. The reasons to derive time-integrated spectra instead of time-resolved ones are two-fold: (1) the lack of photon statistics for many of the LAT GRBs especially in the afterglow phase; (2) there is no strong indications for change of spectral index during the afterglow phase (Ackermann et al. 2013) . The selected ROI is 10 deg centered on the position of target GRBs. To suppress the background, the newest diffuse model gll iem v07.fits (Galactic diffuse emission) and iso P8R3 SOURCE V2 v1.txt (isotropic diffuse component) are used in our analysis, sources in the Fermi catalog (4FGL) are included as background sources. Generally, the LAT emission in afterglow phase can be fit well with a power-law (PL) model:
Here we allow the spectral parameters of galactic, isotropic component, and those of the GRBs to vary and fix other sources' parameters. The best fitting is determined by maximising the test-statistics (TS ) value, which is defined as:
Next, we used gtsrcprob (which computes the probability of source association in the model for each event) 5 tool to estimate the probability of each photon coming from a particular source, P source . We check all the 199 GRBs to look for ≥10 GeV photons associated with a GRB, which we define as those with P GRB ≥ 97%. Finally, we obtain 67 photons above 10 GeV from 34 GRBs, which are listed in Table 1 and Fig. 1 . These 34 GRBs are potential GRBs equipped with very high-energy photons. Our result is consistent with Fermi-LAT team's analysis (Ajello et al. 2019 ). In the 34 GRBs, only one GRB (GRB 090510A) is short-duration, while others are long GRBs. Three categories can be seen:
• for GRB 160625B, 140619B, 110903A, 080916C, their ≥10 GeV photons arrived in the prompt phase;
• for most GRBs, the ≥10 GeV photons arrived after the prompt phase;
• for 160509A, 131231A, 090902B, their ≥10 GeV photons arrived in both prompt and afterglow phases.
All photons have energy below 100 GeV (in the observer's frame), except for an interesting event -a 173 GeV photon arrived at 57071 s after trigger with about 97% probability being associated with GRB 131231A. The photons' energy, arrive time and duration in observed frame and source frame are displayed in Figure 1 . It is hard to explain the late time VHE photons by synchrotron emission from external shock, as the maximum (cutoff) photon energy radiated by synchrotron is ∼ 5 GeV (Piran & Nakar 2010; Abdo et al. 2009; Barniol Duran and Kumar 2011) . It is therefore desirable to see if an additional high-energy spectral component can exist in the Fermi-LAT spectra, especially at the high energy end above 10 GeV. In the following section, we turn to the analysis of Fermi-LAT spectra in the afterglow era.
Spectral analysis of GeV GRB afterglows with ≥10 GeV photons
To obtain the afterglow spectra, the time interval 2T90-86.4 ks is adopted to exclude the prompt emission phase of GRBs. Out of the 34 GRBs with ≥10 GeV photons, only 25 of them were detected in the time interval after 2×T90 (the 25 "GeV afterglow GRBs detected at ≥10 GeV") with TS ≥4. We then use the PL model to fit the observed spectra of the GeV-GRB afterglows, and present them in Figures 5 and 6. Following Tam et al. (2013) and Panaitescu (2017) , we also test the broken power law (BPL) model: Figure 2 . the best-fitting photon spectra of afterglows with ∆TS ≥ 3 in the BPL model.
In order to compare the two models: PL versus BPL, quantitatively, we define ∆T S = T S BP L − T S P L . When ∆T S > 3, the BPL model is preferred, and vice versa. We find that 10 of the spectra can be fitted better with BPL model than with PL model, and for the remaining 15, both models give comparable goodness-of-fit (and thus PL is preferred given its simplicity). For the 10 GRBs, there is a spectral break within the energy range 0.1-200 GeV. Among these spectra, the spectra show hardening above a break energy in 9 of them, i.e., the high-energy photon index (β) is harder than the low-energy photon index (α), and only in GRB 100414A the spectrum becomes softer at high energies. We plot the spectra with ∆ TS ≥ 3 in Figure 2 . One can see that the break energy E b is around 1 GeV for most of these spectra. The upturn of afterglow spectra is most significant (with the highest ∆TS values) in GRB 131231A, GRB 150902A and GRB 190114C.
To compare the spectral indices between the 25 "GeV afterglow GRBs detected at ≥10 GeV" with other LAT GRBs, we plot the index distribution in Figure 3 . The average spectral index of the 25 "GeV afterglow GRBs" (Γ = 1.83±0.53) is comparable or even slightly softer than that of the typical Fermi-LAT GRBs (Γ = 1.69 ± 0.28). If the GeV afterglow spectra only result from the synchrotron emission, it should be exponential cutoff above 10 GeV and the average spectral index of GeV GRBs should be softer (e.g., Γ 2) than the observed values. This may indicate the existence of ≥10 GeV photons or even a hard component at high energies for a typical LAT GRB afterglow.
DISCUSSION
The upturn of afterglow spectra in some GRBs, especially for GRB 131231A, GRB 150902A and GRB 190114C (the three cases having the highest ∆TS values), indicate that an extra spectral component should exist at VHE. The most natural candidate for this component is the SSC radiation in the external forward shock (see MAGIC Collaboration et al. 2019b , in the case of GRB 190114C). The SSC emission is generally used to explain the VHE γ-ray observation in the high energy astrophysical phenomenon. In the GRB afterglows, it has been predicted over the past two decades (Panaitescu and Mészáros 1998; Wei and Lu 1998; Sari and Esin 2001; Zhang and Mészáros 2001; In the syn+SSC scenario, the spectrum below E b , the synchrotron photon index should be larger than 2, the SSC emission kicks in to make the spectra "anomalously" turn up above a few GeV. This is broadly consistent with the 9 GRBs with an upturn at ∼1 GeV.
In order to investigate whether the SSC emission can explain the new component, we fit the observations of GRB 131231A whose spectrum upturn is most significant in terms of ∆T S with a simple SSC model presented by Sari & Esin (Sari et al. 1998; Sari and Esin 2001) . This model gives an analytic approximation of synchrotron and SSC spectra ignoring the KN effects. This approximation is adequate given the limited photon statistics up to 200 GeV.
The result of modeling to the Swift and Fermi data of GRB 131231A, within the framework of the theory of afterglow emission from external forward shocks (Sari et al. 1998; Sari and Esin 2001) , is shown in Figure 4 . We find that the best fitting model parameters are in the range of typical values for GRB afterglows and acceptable electron spectra that can model the upturn of Fermi observed spectra are obtained. The relativistic shock propagates into a constant surrounding density n≈1 cm −3 , accelerating the electrons and forming a power law distribution of Lorentz factor γ e with index p≈2.25. A constant fraction e ≈ 0.1 of the shock energy goes into the electrons and about 10% of the electron energy is radiated away via Syn+SSC emission. A fraction B ≈ 0.0015 of the shock energy go into amplifying the magnetic fields behind the shock. Corresponding to these values of fitting parameters, observed time and flux (1.52×10 −4 erg cm −2 ), the emitting relativistic electrons are in the regime of slow cooling. We note that e B , thus the necessary condition for efficient production of SSC radiation can be satisfied (Sari et al. 1998; Sari and Esin 2001) . These results are Figure 4 . Modelling the broadband spectra of GRB 131231A in the time intervals 100-1000s and 52000-56000s. Thick black curves represent the theoretical spectra of synchrotron plus SSC corresponding to slow cooling in the external-forward shocks scenario. Dotted line and dashed line is synchrotron and SSC components, respectively. The adopted parameters: e =0.1, B =0.0015, p=2.25, n=1 cm −3 , η=0.1. The meaning for the observed data is labeled in the picture.
consistent with a previous work by Liu et al. (2014) , especially on the origin of the LAT afterglows before 1000s post-burst.
Based on the spectra shown in Figure 2 , the spectra at high energies are harder than low energies, if both components are originated from the same shock, the low energy component is synchrotron emission and higher energy components are SSC emission. In this case, the synchrotron emission should be produced above the cooling break, and α = p/2. and spectra of SSC in high energy component should be β = (p − 1)/2, and α − β should be 1/2 (Panaitescu 2017) . In our BPL result, we can find that GRB 160310A (∼ 0.7), GRB 130427A (∼ 0.52) and GRB 090902B (∼ 0.46) can be satisfied with α − β = 0.5.
We infer the high energy emission of GRB 100414A and GRB 101014A are produced by synchrotron emission, given their soft spectra. The photon index distribution of the 25 "GeV afterglow GRBs detected at ≥10 GeV" is similar to other 174 Fermi-LAT GRBs, and both are indeed rather hard (Γ <2) at the LAT band. This result lends support to the idea that these 25 GRBs do not form a distinctive class of their own, and their LAT afterglow spectra are not dissimilar to most other Fermi-LAT GRBs. This prompts us to speculate on the possibility that LAT GRB afterglows are hard in general (in the 0.1-200 GeV band, allowing for the existence of an SSC component), and therefore may emit photons at ≥10 GeV energies.
If this is true, then the reason of non-detection of the very high-energy (≥100 GeV) photons of most GRBs, may be due to Klein-Nishina cut-off (Nakar et al. 2009; Aliu et al. 2014) , internal γγ absorption (Panaitescu 2017; Derishev and Piran 2019) , or attenuation by the extragalactic background light (MAGIC Collaboration et al. 2019a) . This can be ultimately tested by the LHAASO-WCDA detector (Bai et al. 2019) and the CTA array (The Cherenkov Telescope Array Consortium 2018).
CONCLUSIONS
In this work, we perform an analysis of all Fermi-LAT GRBs. While Panaitescu (2017) have focused on the first 1000 seconds, we reanalysis all GRB afterglows detected by the Fermi-LAT in the energy band of 0.1-200 GeV, for a time frame up to 1 day (i.e., 86.4 ks) after the burst onset.
We found 67 photons at energies ≥10 GeV, which come from 34 GRBs. Out of these 34 GRBs, Fermi-LAT detects significant (TS ≥4) afterglow 0.1-200 GeV photons from 25 GRBs. In this work, we perform time-integrated 0.1-200 GeV spectra of these 25 GRBs, finding that the spectra of the 25 afterglows are rather hard (average spectral index is ∼1.8). 10 of the 25 GeV GRBs are characterised by a BPL spectrum with a 0.3-2 GeV break, and 9 of them turn up. The upturn of GRB 131231A can be explained by the SSC model under typical parameter values of GRBs. Our results suggest that the spectra upturn presented in Fermi-LAT data is likely to be resulted from the SSC emission and the SSC emission could be commonly produced in GRBs. 
